ABSTRACT In this study, we determined and analyzed the complete nucleotide sequence of the genome of a fowl adenovirus isolate SD1356 in China and examined its pathogenicity in specific pathogen-free chick embryos and newly hatched chicks. The full genome of SD1356 was 44,454 nucleotides in length with 58.1% G + C content. Sequence alignment and phylogenetic analysis revealed that strain SD1356 was clustered together belonging to serotype 8b of fowl adenoviruses E species . No regions homologous to early regions E1, E3, and E4 of mastadenoviruses were recognized, and being very similar to the typical organization of FAdV-E genomes. All infected embryos died 4-6 d post-inoculation with visible lesions, such as hyperemic, stunting, and clubbed down, etc. Additionally, adenovirus was found in tissues or cloacal swabs of all infected birds and most of the contact uninfected controls, despite lack of clinical signs and pathological changes. Together, our study describes the genomic characteristics of an FAdV-8b strain isolated in China. The reported FAdV-8b strain SD1356 is fetal to chick embryos and possesses horizontal transmission capacity in chickens.
INTRODUCTION
Adenoviruses (AdVs) are divided into 5 genera and can cause infectious diseases in a broad spectrum of vertebrate hosts (Benko and Harrach, 2003) . Fowl adenoviruses (FAdVs) belong to the genus Aviadenovirus and are grouped into 5 species, Fowl aviadenovirus A to E (FAdV-A to E) based on restriction fragment length polymorphism (RFLP) (Zsák and Kisary, 1984) , and divided into 12 serotypes by serum crossneutralization tests (Meulemans et al., 2004) . FAdVs are icosahedral non-enveloped viruses containing double-stranded linear DNA genomes encoding proteins on both strands (Hess, 2000) . FAdVs share a similar genome organization in the middle of their genome. However, there are extensive and characteristic differences between representatives of the 5 genera at the genome ends, which have strikingly different lengths and gene layout (Davison et al., 2003) . Open reading frames (ORFs) for a few structural proteins responsible for host cell inter-2017). In a long-term surveillance of FAdV in China, FAdVs associated with IBH outbreaks were related to FAdV-8a, FAdV-8b and FAdV-11, and HPS cases were related to FAdV-4 (Zhao et al., 2015; . Mixed infections with 2 or more AdV serotypes were common in IBH and HPS cases .
High-throughput sequencing permits the rapid and comprehensive analysis of complete aviadenovirus genomes (Marek et al., 2013; Izquierdo-Lara et al., 2016; Wang et al., 2016) . In the present study, we determined the complete nucleotide sequence of the genome of a FAdV-8b isolate from China by highthroughput sequencing, and evaluated pathogenicity in specific pathogen-free (SPF) chick embryos and newly hatched chicks. Complete genome sequence information of FAdV-8b should provide an update of the genetic content, phylogeny, and evolution of the genus Aviadenovirus.
MATERIALS AND METHODS

Virus Isolation
A suspected clinical case of IBH occurred in 26-dayold broiler chickens with 0.8% mortality rate in China in 2016. Liver and kidney tissue from dead broiler chickens were collected and homogenized to obtain a 10% suspension prepared in phosphate-buffered saline, containing 1,000 U/mL of penicillin, and 1,000 μg/mL of streptomycin. After low-speed centrifugation, the tissue suspensions were screened by PCR using primers specific for FAdVs. The FAdV-positive supernatants were propagated on the confluent monolayers of a chicken hepatomacell line and plaque purified as described earlier (Marek et al., 2010) .
Verification of Viral DNA
Cell culture supernatants were clarified by low-speed centrifugation (10 min, 4,000 rcf), then ultracentrifuged (3 h, 60,000 rcf) and the pelleted cell-free virions were used for DNA isolation (Marek et al., 2012) . Total DNA was isolated from ultracentrifuged virus using the TIANamp Genomic DNA Kit according to manufacturer's instructions. The presence of virus DNA in the sample was verified by PCR targeting a 507 nt fragment of the hexon gene using primer set FAdV-F: AATTTC-GACCCCATGACGCGCCAGG and FAdV-R: TGGC-GAAAGGCGTACGGAAGTAAGC.
Illumina Sequencing
Sequencing of the whole genome was done using an Illumina system (HiSeq4000). Paired-end (PE) libraries with 300 bp paired-end distance were generated. PE reads got from Miseq sequencing were spliced according to the overlap relationships. Quality of the sequence was conducted with quality control and filtration to obtain clean sequences using Trimmomatic v0.32 (Bolger et al., 2014) . Since we suspected contamination by Gallus reads due to propagation of the virus isolates in chicken embryo liver cells, we initially mapped all reads against the available genome of G. gallus v. 5.0 and used only unmapped reads for assembly of the virus genomes (Marek et al., 2012) .
De Novo Assembly of Strain SD1356
Newbler v2.8 (Margulies et al., 2005) was used for assembly of the genome sequence. Primers were designed based on the sequence of adjacent contig ends and PCR performed in order to close the gap by classic Sanger sequencing. Sequencing services were provided by LGC Genomics, Berlin, Germany. As a control, the new consensus genome was used as reference to map the pairend reads of the next generation sequencing run of the SD1356 strain. The whole genome sequence of SD1356 has been deposited to GenBank under accession number MG712775.
Sequence Analysis
ORF identification and gene prediction were carried out by GeneMarkS v 4.28 (Besemer et al., 2001) . ORFs that code for peptides >50 amino acids were identified as potential genes. Splice acceptor and donor sites were predicted manually based also on earlier findings in other FAdV genomes (Ojkic and Nagy, 2000; Grgić et al., 2011) . Amino acid sequences of putative proteins were compared to proteins in the Nr (NCBI non-redundant protein sequences) using the Basic Local Alignment Search Tool (BLAST), and the existence of homologous ORFs in other AdVs was used to confirm potential genes. Predicted genes were named according to earlier given names including the possible genes with unknown function that were named as "ORF" with continuing numbering as published for GoAdV-4 (Kaján et al., 2012) .
Phylogenetic Analyses
Multiple sequence alignment with other FAdVs (Table 1) was carried out using the sequence analysis software Lasergene 1 (DNASTAR Inc., Madison, WI) and the NCBI BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequenced strain was compared to all published whole genome sequences of avian FAdVs representing the different genera. All of the predicated ORFs were compared with other FAdVs. The evolutionary history SD1356 in FAdVs was inferred using neighbor-joining method (MEGA 6). Phylogenetic analysis of the hexon, penton, and fiber gene of isolates from recent years was carried out. "-" indicates that the country of origin was not queried.
Pathogenicity Assessment of the SD1356 in SPF Chick Embryos and Newly Hatched Chicks
FAdV can be transmitted vertically and horizontally. Therefore, the pathogenicity of the virus in chick embryos was assessed. The study protocol and all animal studies were approved by the Review Board of Shandong Veterinary Research Institute, Shandong Academy of Agricultural Sciences. Ten SPF chick embryos were inoculated with 100 μL of 10 4 TCID 50 /mL of cell cultured virus via allantoic cavity way at 9-daysold. Five embryos were inoculated with sterile DMEM as controls. The embryos were monitored every 24 h until hatched. Tissue samples of dead embryos were collected for histology or stored at -70
• C for DNA detection using PCR. A trial was further conducted to assess the pathogenic potential of the virus in newly hatched chicks. Sixty 7-days-old SPF chicks were used to determine the pathogenic potential of the virus. Twenty birds were inoculated with 100 μL of 10 4 TCID 50 /mL of cell cultured virus via intramuscular route. Twenty birds received the same volume of DMEM and were used as contact. The other 20 birds received the same volume of DMEM and were used as uninfected controls. Infected and contact birds were kept in 1 isolator with positive filtered air, and the uninfected controls were kept in another isolator. Sterile fodder and water were fed daily. Clinical signs and mortality were evaluated daily for 21 d. At 3, 7, and 14 days post-inoculation (dpi), 4 chickens from each group were euthanized and heart, liver, spleen, lung, kidney, bursa, cloaca, and oral samples were collected for DNA detection using PCR method.
RESULTS
Genome Size and Organization of SD1356
The final genome sequence of 44,454 nt in length was determined for the SD1356 strain by Illumina sequencing and subsequent gap closure by PCR with conventional Sanger sequencing. The G + C content of the SD1356 genome was 58.1%. The position and size of 44 ORFs with potential to encode polypeptides of at least 50 amino acid (aa) residues and percentages of similarity between SD1356 proteins and those from other viruses are listed in Table 2 . Most of the ORFs from SD1356 showed the highest similarity to FAdV-6, FAdV-7, FAdV-8a, or FAdV-8b, all of which belonging to FAdV-E. A schematic of the genome map is presented in Figure 1 . SD1356 has a genome structure similar to that of FAdV-E (serotypes 6, 7, 8a, and 8b). No regions homologous to early regions 1, 3, and 4 (E1, E3, and E4) of mastadenoviruses were recognized. Both inverted terminal repeat sequences are 71 nt long and identical.
Phylogeny
Phylogenetic analyses of FAdV whole genomes confirmed the close genetic relationship of FAdV-E isolates among different countries among the world (Figure 2 ). SD1356 was clustered to the FAdV-8b branch and was most similar to the Chinese strain HLJ/151129 and Peru strain FV211-16. Phylogenetic trees of hexon, penton, and fiber proteins based on individual genes were obtained (Figure 3) . The entire hexon gene in SD1356 was 2856 bases in length and 951 amino acids were deduced. The hexon protein coding sequence showed identity of 96.8% to FAdV-7 representative strain YR36, and 96.7% to FAdV-8b representative strain 764. Whereas amino acids sequence identity of hexon between SD1356 and other Chinese FAdV-E isolates was 93.8%-99.9%. Three Chinese strains SD1356, QD2016, SDWF-140,614-B, and JL-130,131-B possess unique insertion of G-T-A in the L2 region and uniform mutation of -A-S in the L4 region (Figure 4) . The entire penton base gene in SD1356 was 1,659 bases in length and 553 amino acids were deduced. The penton base of SD1356 showed 99.8% identical to FAdV-8a representative strain TR59 and 98.9% identical to FAdV-7 representative strain YR36. One fiber gene was found in 
Pathogenicity of SD1356
The classical signs of IBH characterized by mononuclear cell infiltration, degeneration and necrosis of hepatocytes, and basophilic or eosinophilic intranuclear inclusion bodies were present in all of the inoculated embryos ( Figure 5 ). Viral DNA was detected in all liver samples collected from dead embryos. However, clinical signs or pathologic changes of IBH were not seen in any chicks after intramuscular administration of the virus. Viral DNA was detected in most of tissue samples collected at 3 and 7 dpi from both the virus inoculated and contact chicks. The viral DNA was also detectable in cloacal swabs during the experimental period in inoculated as well as contact birds (Table 3 ). 
DISCUSSION
Infection of FAdVs raises concerns for poultry production. Chinese FAdV-4 isolates have the deletion of ORF19 and show higher virulence (Ye et al., 2016) . Much attention has been paid to the virulent novel FAdV-4 epidemy Ye et al., 2016) . However, molecular characteristics of other potentially devastating FAdVs that has long been in circulation in China are relatively lack. We determined the complete genomic sequence of FAdV-8 by high-throughput sequencing technology, investigated the genomic organization and relationship with other FAdVs, and evaluated its pathogenicity in SPF chick embryos and newly hatched chicks.
The genome of FAdV-8 strain SD1356 was 44,454 nt in length, with a G+C content of 58.1%, which is a typical character of high G+C content for FAdV-E isolates (Grgić et al., 2011) . The phylogenetic analysis based on the entire genome in the present study showed that the Chinese FAdV-8 isolate SD1356 was closer to Chinese strain HLJ/151129 than Peru strain FV211-16 (Izquierdo-Lara et al., 2016) . Owning to the absence of whole genome of FAdV-E isolates, the geographic distribution and evolution cannot be determined. Therefore, comparison of amino acids for hexon, penton base, and fiber protein were also performed because these major proteins are important for a comprehensive understanding of viral pathogenesis and immunogenicity (Park et al., 2017) . The phylogenetic analysis based on the hexon gene primarily indicated that the FAdV-8 isolates are global distribution and not phylogenetically grouped according to geographic regions (Niczyporuk, 2016) . The hexon consists of conserved regions (pedestals, P1 and P2), which are located inside the virion, and the variable loops (L1 to L4), which protrude from the surface and contain the type-specific neutralizing epitopes (Roberts et al., 1986; Athappilly et al., 1994) . Interestingly, a unique insertion of G-T-A in the L2 region was found in four Chinese isolates SD1356, QD2016,  with the first identification in 2013. This may form a new character for Chinese FAdV-E isolates in recent years and may be a candidate geographic biomarker. The precise role of the unique insertion remained to be determined.
Similar to the Peru strain FV211-16 (Izquierdo-Lara et al., 2016), the Chinese FAdV-8b isolate SD1356 was isolated from a flock with clinical signs of IBH. Thus, the pathogenicity was further evaluated in SPF chicks. Tissue samples from the euthanized birds at age 10, 14, and 21 days old were examined by PCR method. d, days old.
No mortality was observed in any of the experimental groups, and only one bird showed mild depression. However, viral DNA was detectable from nearly most of the organs in birds from all infection groups, which further demonstrated that the FAdV-8b isolate has wide tissue tropism. In addition, long-lasting shedding and transmission to contact birds were confirmed in some infected chicks. Most importantly, our study further demonstrated the high pathogenic property of the virus in chick embryos. Considering the vertical transmission property of the FAdVs, the virus would be a grievous disaster to breeder farms because if the breeding hens were infected, the hatching rate would be greatly depressed and the virus would transmit quickly in the newly hatched chicks. This is consistent with Grgić et al. (2011) and Izquierdo-Lara' (2016) studies that could reproduce neither clinical signs nor mortality after infecting 10-day-old birds with an FAdV serotype 8 strain. Although FAdV-8b strains can be isolated from diseased chickens, experimental trials to determine the pathogenicity of recently isolated strains, mainly of FAdV serotypes 8b and 11, have been conducted with inconsistent results. Some studies obtained moderate to severe clinical signs and mortalities when infecting chickens at different ages (from 1 d to 3 wk of age) with FAdV serotypes 8b and 11 (Dar et al., 2012; Zhao et al., 2015; Matos et al., 2016) . The concise mechanism involving the differences in the pathogenicity remains to be study.
In summary, the Chinese FAdV-8b strain SD1356 has a genome structure similar to that of the previously reported FAdV-E (serotypes 6, 7, 8a, and 8b). A unique insertion of G-T-A in the loop2 region of hexon was found in SD1356, as well as other 2 Chinese isolates, SDWF-140,614-B and JL-130,131-B. Despite lack of clinical signs and pathological changes, virus was found in nearly all of the tissues and cloacal swabs in the chicks inoculated with FAdV-8. Besides, SD1356 is fatal to chick embryos and possesses horizontal transmission capacity in chickens. Complete genome sequence and biological information of Chinese aviadenoviruses are important for further diagnostics, taxonomy, and evolution relationship of the viruses around the world.
